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Abstract. The importance of fully adiabatic e�ects in the relativistic
radiation belt electron response to magnetic storms is poorly characterized
due to many diÆculties in calculating adiabatic 
ux response. Using the
adiabatic 
ux model of Kim and Chan [1997a] and Los Alamos National
Laboratory geosynchronous satellite data, we examine the relative timing
of the adiabatic and non-adiabatic 
ux responses. In the three storms
identi�ed by the GEM community for in depth study, the non-adiabatic
energization occurs hours earlier than the adiabatic re-energization. The
adiabatic energization can account for only 10-20% of the 
ux increases in the
�rst recovery stages, and only 1% of the 
ux increase if there is continuing
activity.

1. Introduction

Relativistic electron (E > 1 MeV) populations in the
radiation belts are sensitive to magnetic disturbances
including solar coronal mass ejections (CME's) [Baker
et al., 1998] and recurrent high speed solar wind streams
[Paulikas and Blake, 1979]. During magnetic storms
there is usually a sudden decrease in relativistic elec-
tron 
ux followed by a slower increase. The increase in
the �xed energy electron 
ux can take from 1-5 days
to peak depending on L-shell and the individual storm
behavior. The 
ux decrease is frequently attributed to
the \Dst e�ect", in which electrons move outward in
order to conserve their adiabatic invariants as the mag-
netic �eld decreases. If only the adiabatic response is
considered the 
ux response is as follows: The increase
in the ring current associated with the Dst drop de-
creases the magnetic �eld in the inner magnetosphere;
in order to conserve the third adiabatic invariant, the
electrons move outward. By moving outward, the elec-
trons are now in a lower magnetic �eld and thus lose
energy in order to conserve their �rst adiabatic invari-
ant. For a �xed energy detector, a drop in the 
ux is
observed as the electrons move outward and decrease
in energy. As the Dst recovers and the magnetic �eld
returns to the initial conditions, the electrons return to
their original position and energy level. However, obser-
vations of the relativistic electrons show that processes

other than the adiabatic response must be involved as
the electron 
uxes increase to levels above the pre-storm
level (e.g.,Nagai [1998]). Kim and Chan [1997a] deter-
mined the energization due to adiabatic e�ects using a
fully adiabatic model, and found that in the November
2, 1993, storm most of the 
ux decrease could be ac-
counted for by fully adiabatic e�ects while the increase
was not accounted for by the adiabatic response.

Several theories seek to explain the 
ux increases
seen during recovery. These include energization by
magnetic pumping/recirculation using several di�erent
methods to scatter and move the particles [Nishida,
1976; Fujimoto and Nishida, 1990; Liu et al., 1999]. Di-
rect heating of the electrons by ULF wave interactions
has been invoked by Elkington et al. [1999] and Hud-

son et al. [1999]. Whistler mode wave interactions with
electrons near the plasmapause have also been proposed
[Abel and Thorne, 1998a, b; Boscher et al., 2000].

One of the outstanding questions is the relative tim-
ing when adiabatic e�ects become less important than
non-adiabatic energization process in explaining the rel-
ativistic electron 
ux increases. Several of the above
theories require an extended period of time to energize
the electrons. Therefore, the time scale of these pro-
cesses is important.

The U.S. National Science Foundation's Geospace
Environment Modeling (GEM) program has identi�ed
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three CME related magnetic storms for in-depth study
and comparison [McAdams et al., 2001, in press]. The
storms are May 15, 1997; September 25, 1998; and
October 20, 1998. We look at the relativistic elec-
tron response to these storms at geosynchronous orbit
(R = 6:6 Re) and compare adiabatic and observed 
ux
responses using the Kim and Chan [1997a] model.

2. Electron Fluxes

For all three storms we use observations from the Los
Alamos National Laboratory (LANL) geosynchronous
satellites 1994-084, 1991-080 and 1990-095. We used
electron 
ux data from the 1.8-3.5 MeV electron chan-
nel on the ESP instrument [Meier et al., 1996]. The
data were binned by 1 hour time increments to be con-
sistent with the 1-hour Dst index data. The measure-
ments from all three satellites in a given 1-hour bin were
also averaged together to reduce variation due to the
positions of the satellites in local time. While the aver-
aging does reduce the local time dependence it does not
eliminate it. This is particularly true when data from
1990-095 are unavailable since 1994-084 and 1991-080
are separated by only a few hours in local time.

We obtain a proxy for the fully adiabatic 
uxes us-
ing the method of Kim and Chan [1997a] in which they
derive the adiabatic storm-time electron 
ux from the
pre-storm 
ux level at L=6.6 as a function of the Dst
index. Although they report calculations done with
several magnetic �eld models, we use only the Hilmer-
Voight ring current �eld model [Hilmer and Voight ,
1995]. We have extended the Kim-Chan model to �t
Dst < �100 nT, which may introduce some error when
Dst is highly disturbed since the �eld model was de-
veloped for Dst > �100. Nonetheless, we believe that
even with some error in the model, the temporal evo-
lution and the rough scale of the 
uxes at Dst < �100
provides useful physical insight.

For each storm, we take the �rst 6 hours shown in
Figure 1 as the \pre-storm" 
ux level. In order to �nd
the initial 
ux level (
ux when Dst = 0), we use the
average Dst value for the �rst 6 hours shown in Figure
1 for each storm and the average measured LANL 
ux
level for that period and extrapolate the 
ux level for
Dst = 0 for each storm. Then we calculate the \adi-
abatic" 
uxes as a function of Dst, normalized by the
initial 
ux level.

Figure 1 compares the predicted adiabatic 
uxes to
the LANL observed 
uxes for the three storms. The
red curve is the adiabatic 
ux, the green curve is the
average measured LANL 
ux and the black curve shows

the ratio of LANL to predicted adiabatic 
uxes. The
same numeric scale suÆces for both the ratio and 
ux
levels in this �gure.

3. Results

Comparing the observed electron 
uxes with the cal-
culated fully adiabatic 
uxes allows us to examine the
timing of the adiabatic changes relative to the observed

ux decrease and increase associated with storm main
phase. In May 1997 (Figure 1a), there is no detectable
delay between the in
ection point of the predicted adi-
abatic 
uxes and the in
ection point of the LANL

uxes, however, the measured LANL 
uxes increase
much more rapidly than the predicted adiabatic 
uxes.

In September 1998 (Figure 1b), the predicted adi-
abatic 
uxes begin to rise 4-5 hours later than the
measured LANL 
uxes. The ratio between the LANL
and predicted adiabatic 
uxes goes above 1 at nearly
the same time that the dropout begins and approxi-
mately 4 hours before the Dst minimum. Therefore,
although the 
uxes are decreasing, they are decreas-
ing less quickly than expected based on the adiabatic
prediction. (We note that the large variations in the
measured 
uxes, and therefore the ratios, prior to the

ux dropout are due to local time e�ects when data
was primarily available from satellites on the nightside
where tail thinning can cause additional dynamics.)

October 1998 (Figure 1c) shows the most striking ex-
ample of delay in the adiabatic response. The measured
LANL 
uxes begin to rise approximately 16 hours be-
fore the predicted adiabatic 
uxes. This large time de-
lay may be related to the long storm main phase where
the Dst depression lasted more than a day. The ratio
increases to greater than 1 only 7-8 hours before the
adiabatic 
uxes begin to rise. The October 1998 storm
is also di�erent from the other two storms studied here
in that the measured 
uxes begin to decrease approxi-
mately 8 hours before the predicted adiabatic decrease.
This decrease is likely due to either a local recon�gu-
ration of the tail �eld (as with the 
uctuations prior
to storm onset in September 1998) or possibly to non-
adiabatic loss processes which cause an actual loss of
particles from the radiation belts prior to the build-up
of the ring current.

Although the exact 
ux levels for the predicted adi-
abatic 
uxes are somewhat unreliable during the storm
main phase when Dst < �100 nT, a comparison of the
levels of electron 
ux expected from a fully adiabatic re-
sponse to the observed 
uxes is useful. In May 1997, the
smallest storm, the Dst minimum was near -135 nT. In
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Figure 1. Flux comparisons from three GEM storms: In each panel, the red curve represents predicted adiabatic

uxes derived from Dst, the green curve shows the measured LANL 1.8 MeV electron 
uxes, and the black curve
shows the ratio of measured LANL to predicted adiabatic 
uxes. The yellow line indicates when the Dst minimum
occurs. a) May 15, 1997. b) September 25, 1998. c) October 1998.
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this storm, the two 
ux levels are very close during the
decrease, but during the recovery phase the measured
LANL 
uxes are approximately four times larger than
the predicted adiabatic 
uxes. September 1998 was the
largest storm in terms of Dst minimum (-250 nT). In
this storm, the di�erence in the minimum 
uxes during
main phase was approximately a factor of 3 with the
measured LANL 
uxes higher than the predicted adia-
batic 
uxes. During recovery the LANL/adiabatic ratio

uctuates but is near 10, implying that the adiabatic re-
bound accounts for only 10% of the post-storm electron

uxes. October 1998 has a more complicated pro�le
in terms of the observed/predicted adiabatic 
ux ratio.
The minimum 
uxes reached by LANL and predicted
adiabatic 
uxes were very similar. After the �rst fast
recovery (near day 293.3), the measured LANL 
uxes
were about 4 times larger than the predicted adiabatic

uxes. As the recovery progressed, the measured LANL

uxes continued to increase while the predicted adia-
batic 
uxes remained nearly the same with a slight dip
near day 294. At the peak of the measured LANL 
uxes
(approximately day 296-297) the ratio between the two

uxes neared 100.

4. Conclusions

We have investigated the relationship between the

uxes of relativistic electrons measured at geosyn-
chronous orbit with the 
uxes predicted based on the
fully adiabatic calculations of Kim and Chan [1997b].
We �nd that both the measured 
uxes and the adiabatic
predictions begin to decrease simultaneously. Since the
adiabatic predictions are based only on the response to
the ring current it appears that the so-called Dst e�ect
is responsible for at least the timing of the relativistic
electron dropout. However, the rate of decrease of the
measured 
uxes tends to be slower than predicted based
on the adiabatic response and the ratio of the measured
to predicted 
uxes can increase above one, even as the
dropout is intensifying.

This implies that there is some non-adiabatic ener-
gization of the 
uxes that occurs simultaneously with
the adiabatic de-energization due to the Dst e�ect.
Since the measured 
uxes are decreasing during the
storm main phase the adiabatic e�ects must be stronger
than any non-adiabatic energization that is taking place
at that time. Nevertheless the timing is signi�cant for
understanding the relativistic energization process.

We note that there are a number of other processes
that can contribute to the dropout of relativistic elec-
trons during the main phase of a storm. Electrons can

be lost to the magnetopause (sometimes called magne-
topause shadowing), or they can be precipitated into
the atmosphere through pitch angle scattering. Both
of these processes have been observed but are not in-
cluded in our analysis. We note though, that any loss
processes will add to the adiabatic Dst e�ect and cause
a larger dropout of the relativistic electron 
uxes than
predicted by the Kim and Chan [1997a] model. If loss
processes dominated then the ratio between the mea-
sured and predicted 
uxes would decrease below one
as a result. Therefore if loss processes are signi�cant
during the storms analyzed in this study the appar-
ent e�ects of the as yet undetermined source of non-
adiabatic energization must be even larger. We further
note that our conclusions are speci�c to geosynchronous
orbit were we have made our measurements and where
the Kim and Chan [1997a] model applies. Some storms
can produce a persistent decrease at, for example, L=4
or 5 which implies that losses dominate at those L-shells
for those storms. That was not the case for the GEM
storms [McAdams et al., 2001, in press].

In May 1997 and September 1998, the adiabatic re-
energization in the recovery phase of the storm can ac-
count for approximately 10-20% of the total observed
electron 
ux. In the initial recovery of the October
1998 storm, adiabatic increases can account for a sim-
ilar amount of the observed 
uxes. During the later
recovery of October 1998, the measured LANL 
uxes in-
crease while the predicted adiabatic 
uxes remain con-
stant and the adiabatic portion accounts for only 1%
of the observed 
ux. This may be related to the con-
tinuing Geomagnetic activity seen during this time. In
two of the storms it appears that there is a single level
of non-adiabatic 
ux increase which continues for the
duration of the storm, while in October 1998, a second,
non-adiabatic increase occurs after the initial storm re-
covery.

In these three storms we have shown that there is a
large contribution from non-adiabatic processes to the
energization of the radiation belt electrons during the
main phase of geomagnetic storms. These processes ap-
pear to be active during the main phase and before the
adiabatic processes re-energize the particles after the
Dst minimum as well as during the recovery phase. In
storms where there is continuing magnetic and auroral
activity the non-adiabatic process may play a larger role
than in storms with little post-main phase activity.
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